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In this issue of Developmental Cell, Yu et al. (2015) demonstrate that CENP-A phosphorylation by CDK1
inhibits its association with the chaperone protein HJURP and that the removal of this modification at
mitotic exit is a key regulatory event that controls the timing of new CENP-A nucleosome formation at
centromeres.The long-term proliferation of cells and
organisms requires accurate genome
segregation during each cell division. Dur-
ing mitosis, replicated sister chromatids
are pulled to opposite poles of a dividing
cell through microtubules attached to a
single region, known as the centromere,
on each chromatid. In many eukaryotes,
the chromosomal location of centromeres
appears to be defined epigenetically, with
one of the best-defined markers of an
active centromere being the presence of
nucleosomes in which histone H3 is re-
placed with an H3-variant histone called
centromere protein A (CENP-A).
Replication-coupled nucleosome as-
sembly incorporates histone H3.1-con-
taining nucleosomes into chromatin as
the replication fork duplicates the DNA.
However, the assembly of nucleosomes
containing variant histones such as his-
tone H3.3 is uncoupled from DNA replica-
tion and occurs throughout the cell cycle.
The incorporation of CENP-A into nucleo-
somes is thought to be unique among H3
variants. New CENP-A nucleosomes are
assembled during late mitosis/early G1,
making CENP-A the only histone known
to be incorporated at a specified cell-
cycle stage outside of S phase (Jansen
et al., 2007). In this issue of Develop-
mental Cell, Yu and colleagues (2015)
now identify the phosphorylation of
CENP-A Serine 68 (S68) as a key regulator
in controlling the timing of the CENP-A
assembly pathway.
In humans, two essential protein
complexes are known to govern the
cell-cycle-dependent assembly of new
CENP-A. First, the Mis18 complex
(Mis18a, Mis18b, and Mis18BP1) is tar-
geted to centromeres during anaphase
(Barnhart-Dailey and Foltz, 2014). Then,through an interaction with Mis18b,
a CENP-A-specific histone chaperone
known as HJURP (Scm3 in yeast) incor-
porates CENP-A into centromeres during
late mitosis/early G1 (Barnhart-Dailey
and Foltz, 2014). Each of these events
has been shown to be tightly regulated
by phosphorylation through either CDK
or Plk1 activity (McKinley and Cheese-
man, 2014; Mu¨ller et al., 2014; Wang
et al., 2014).
The CENP-A chaperone HJURP forms
a trimeric complex with CENP-A and his-
tone H4. In humans, biochemical and
structural studies have shown that
HJURP binding to CENP-A depends on
a combination of five residues within
CENP-A. Four of these residues are
within the CENP-A targeting domain
(CATD) region, and the fifth is Serine 68
(Hu et al., 2011). Yu et al. (2015) show
that CENP-A S68 is important for the
recruitment of CENP-A to chromatin-
tethered HJURP. Specifically, they find
that when HJURP is tethered to an exog-
enous site in the genome, wild-type
CENP-A is recruited exclusively to the
tethered HJURP, whereas an S68Q
mutant CENP-A loses this specificity
and displays diffuse nuclear staining.
This result is distinct from previous ob-
servations showing that a similarly teth-
ered HJURP had no effect on CENP-A
S68Q recruitment (Bassett et al., 2012).
One explanation for this difference is
that extraction of fixed cells removed sol-
uble CENP-A not incorporated into chro-
matin, while the live-cell imaging by Yu
et al. followed the entire population of
CENP-A in the cell. Indeed, Yu et al.
(2015) replicated the data of Bassett
et al. (2012) by using a similar method
of imaging fixed and permeabilized cellsDevelopmental Cellrather than live cells. Co-immunoprecipi-
tation experiments by Yu et al. (2015)
further showed that a mutant of H3 that
contained both the CENP-A CATD and
the H3 Q68S mutation showed improved
binding to HJURP when compared to the
replacement of the CATD region alone.
Taken together, the authors suggest
that although the CENP-A CATD region
is the major determinant for HJURP inter-
action, CENP-A S68 plays a significant
role in regulating this interaction. What
seems clear overall is that S68 is impor-
tant for efficient incorporation of CENP-
A into chromatin, as the S68Q mutation
leads to a significant accumulation of
non-nucleosomal CENP-A.
How might CENP-A S68 be involved
in regulating CENP-A assembly? Using
mass spectrometry, Yu et al. (2015)
show that S68 is phosphorylated in vivo.
Immunofluorescence with a phosphospe-
cific antibody for S68-P shows that
the phosphorylated form of CENP-A lo-
calizes to centromeres between prophase
and anaphase/telophase. Several other
mitotic CENP-A phosphorylation sites,
such as Serine 7 phosphorylation, have
been characterized previously (Bailey
et al., 2013; Zeitlin et al., 2001). However,
S68 phosphorylation appears to be
distinct from other mitotic phosphoryla-
tions, as it is present only in pre-nucleo-
somal CENP-A and not in chromatin-
bound CENP-A (Zeitlin et al., 2001). By
combining fluorescent pulse labeling of
CENP-A using the SNAP-Tag with phos-
phomimetic (S68E) and non-phosphory-
latable (S68A) CENP-A mutations, the
authors show that phosphorylation in-
hibits the assembly of newly synthesized
CENP-A into nucleosomes during early
mitosis. This is likely through a diminished32, January 12, 2015 ª2015 Elsevier Inc. 1
Figure 1. A Model for the Regulation of CENP-A Assembly
CDK and Plk1 act as master regulators of CENP-A assembly timing. Plk1 phosphorylation of Mis18BP1
enables its recruitment to centromeres early in mitosis through an interaction with CENP-C. CDK activity
during G2 andmitosis phosphorylates CENP-A andHJURP, preventing their association until CDK activity
drops during anaphase. CDK activity also prevents the association of Mis18a/b with Mis18BP1. As CDK
activity drops in late mitosis, HJURP, CENP-A, and H4 are recruited to centromeres through an interaction
between Mis18b and HJURP that enables incorporation of CENP-A and H4 into nucleosomes.
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Furthermore, through a combination of
mass spectrometry, co-immunoprecipi-
tations, small interfering RNA depletion
experiments, and in vitro kinase assays,
Yu et al. (2015) identify CDK1 as the ki-
nase responsible for adding the phos-
phate and PP1a as a phosphatase that
counteracts CDK1 activity.
The work of Yu et al. complements
three other recent publications that have
shown phosphorylation of the CENP-A
assembly pathway. Wang et al. (2014)
showed that CDK1 activity phosphory-
lates HJURP, inhibiting its interaction
with Mis18b. Mu¨ller et al. (2014) found
that CDK1/2 inhibition caused HJURP to
prematurely bind centromeres in S/G2
phase. Finally, McKinley and Cheeseman
(2014) showed that Plk1 phosphorylation
of Mis18BP1 is required for its localization
to centromeres and that proper recruit-
ment of Mis18a/b to centromeres requires2 Developmental Cell 32, January 12, 2015 ªa reduction in CDK1 activity. Taken
together, a model for the regulation of
CENP-A nucleosome assembly emerges
(Figure 1). In this model, Mis18BP1 is re-
cruited to centromeres upon entry to
mitosis, dependent on phosphorylation
by Plk1 and targeting to a constitutive
centromeric protein, CENP-C (McKinley
and Cheeseman, 2014). Recruitment of
the remaining Mis18 complex compo-
nents is restricted until late mitosis/G1,
when CDK activity declines. Loss of
CDK1 activity in anaphase/G1 also en-
ables the de-phosphorylation of both
HJURP and CENP-A, promoting their
interaction and recruitment to centro-
meres through an interaction between
HJURP and Mis18b that was also previ-
ously inhibited by CDK1 activity (Mu¨ller
et al., 2014; Wang et al., 2014).
This model is not yet complete and
awaits further study. It remains unclear
why Mis18BP1 must be recruited sepa-2015 Elsevier Inc.rately to the remaining Mis18 subunits
and how the process of CENP-A incorpo-
ration is halted following G1. The unique
timing of CENP-A nucleosome assembly
in a restricted window of the cell cycle
suggests that uncoupling this process
might disrupt normal centromere func-
tion. Indeed, deposition of new CENP-A
in G2 is detrimental to proper centromere
function (McKinley and Cheeseman,
2014; Mu¨ller et al., 2014) but additional
work is required to identify the conse-
quences of assembling CENP-A nucleo-
somes outside of G1.REFERENCES
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